Pulse shape discrimination (PSD) is usually achieved by using the different fast and slow decay components of inorganic scintillators, such as BaF2, CsI:Tl, etc. However, LaBr3:Ce 3+ is considered not having different components but has been proved to have the capability of discriminating gamma and alpha events using fast digitizers. The physical mechanism of such PSD capability of LaBr3:Ce 3+ still remains unclear. A model of carrier transport and recombination in a particle track is used to explain such small pulse shape difference under excitation of different linear energy transfer (dE/dx). This model takes into account processes of hot and thermalized carrier diffusion, electric-field transport, energy transfer, nonlinear quenching and radiative recombination. Secondorder dipole-dipole Forster transfer of self-trapped excitons (STE) and excited Ce 3+ ions are proved to contribute the pulse shape difference in LaBr3:Ce 3+ . Particularly, the nonlinear quenching of excited rare earth ions, Ce 3+ , is confirmed the first time to contribute observable ionization density dependent pulse shape difference. Moreover, the non-proportionality response can also be described with this model. The trend of α quenching factor of LaBr3:Ce 3+ with different Ce 3+ concentration can also be well described with this model qualitatively.
I. INTRODUCTION
LaBr3:Ce 3+ is one of the best inorganic scintillators, owing to its excellent energy resolution (<3% at 662 keV), detection efficiency, and time resolution. Its single short decay, of which the decay time is around 16 ns, also allows for high event rate with respect to the pulse pileup. It is usually considered that scintillators with multi-component decay curve can have the ability of pulse shape discrimination(PSD) between gamma ray and massive (e.g., proton, alpha) particles. However, the single-decay-component LaBr3:Ce 3+ has been proved to have the ability to distinguish between gamma rays and alpha particles, so that to reduce the intrinsic alpha background from 227 Ac contamination and improve its application for gamma ray spectroscopy [1] [2] [3] [4] [5] . Whereas, some researches contradictorily showed no PSD ability for LaBr3:Ce 3+ detector [6, 7] .The mechanism of pulse shape difference in LaBr3:Ce 3+ still remains unclear.
The scintillation mechanism can be divided into three consecutive stages: conversion, transport, and luminescence [8] . Each of these three stages can result in pulse shape difference. component to incident gamma rays but not to alpha/neutron particles, which cause the main pulse shape differences during the conversion stage [9, 10] . Many researches have shown that the decay curves depend on ionization density [11] [12] [13] [14] , which also plays a leading role in the nonproportionality of inorganic scintillators. Lu et al. [14] attributed the energy-dependent scintillation pulse shape of CsI:Tl to the transport and capture of carriers, which corresponds to the second transport stage. During the last luminescence stage, the trapping and radiative recombination of the electron and hole at the luminescent center give rise to the desired luminescence light. Free electron and holes pair to form excitons and account for luminescence in pure host scintillators, while the dopant ions can be activated by sequential capture of free electron and holes or by energy migration from excitons or other intermediate excited states. The bimolecular dipole-dipole quenching of excitons have been measured in many pure host scintillators(pure CsI, CdWO4, PbWO4) and attributed as the cause of pulse shape differences [11] [12] [13] [15] [16] [17] . However, the dipole-dipole quenching between dopant ions has not been studied very well. Nikl et al. [18] studied the decay kinetics of regular Ce 3+ emission in CeF3 single crystal and proposed the quenching of close-lying Ce 3+ excited ions, which is based on the experiment of excitation by Na-22 source. While the quenching of dopant ions was not observed both between Tl + ions of CsI:Tl [13] and rare earth ions(RE 3+ ) in Y3Al5O12:Ce 3+ and Lu3Al5O12:Pr 3+ [13, 19] , which is maybe due to the low concentration of dopant ions.
Many studies about the scintillation mechanism of LaBr3:Ce 3+ crystal have been carried out.
Some common conclusions are that, the emission spectrum of LaBr3:Ce 3+ is only the recombination of the 5d to 4f state of Ce 3+ excited ions at room temperature. Self-trapped excitons (STEs) participate the scintillation process by transfer its energy to Ce 3+ ions [20] . The picosecond absorption spectroscopy study by Li et al. shows that the energy transport from host to activator responsible for the scintillation of LaBr3:Ce 3+ proceeds by STE creation and dipole-dipole transfer more than by sequential trapping of holes and electrons on Ce 3+ ions [21] . The study of picosecond absorption spectroscopy also shows that STEs are formed within 1 picosecond. 
II. OVERVIEW OF THE MODEL
Our model is based on the Charge carrier and exciton dynamics in LaBr3:Ce 3+ proposed by G.Bizarri and P. Dorenbos [22] and the coupled rate and transfer equations proposed by Lu et al. [14, 23] , which includes all the already known scintillation processes and has been applied to CsI:Tl crystal to explain the non-proportionality and energy-dependent pulse shape difference. This model aims to study the local interactions of the charge carriers on a series of small cells along the ionization track, because of the variation of ionization density values along the track.
The scintillation scheme of LaBr3:Ce 3+ is illustrated as Fig. 1 
We will now describe each of the terms in the above equations from the view of scintillation processes and their significant influences on the light yield and scintillation time profiles.
Firstly, during the conversion stage, which lasts several picoseconds, the electrons and holes are excited with high excitation density and therefore will diffuse outward and lose their excess kinetic energy (~ eV) by impacting with the crystal lattice [23] . Meanwhile, the outward free electrons and holes may suffer from linear trapping of defects or 3 rd Auger quenching process, which may have a significant effect on light yield of scintillators and is ionization density dependent [24] . After thermalization, part of the free electrons and holes pair together and form STEs while the others remain free [25] .
The first terms of Eqs. (1)- (4), ,ℎ , and * , are respectively the generation terms of free electrons, holes, initial excitons and excited Ce 3+ ions immediately after thermalization.
Generally, a cylindrical Gaussian radial profile, with track radius of 0 (~3 nm) , is adopted to describe the distributions of excitations (including electrons, holes, excitons and excited dopant ions) as reviewed in [26] . The sum of all excitations densities result from the on-axis excitation density, denoting n0, is shown as follows:
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where dE/dx is the linear energy transfer of a particle (electron/α), which is energy dependent.
gap E  is the average energy invested per electron-hole pair. 0 is the track radius and material determined by the diffusion of hot holes during the thermalization process [23, 25] . Particularly, the ionization densities produced on the end of an electron track can be as high as ~ 10 20 /cm 3 and they range out in a very short distance.
The second terms ,ℎ and of Eqs (1)- (3) denote the diffusion of free electrons, holes and self-trapped excitons(STEs) for both conversion and transfer stages. As described in [23] , holes in alkali halides are self-trapped very quickly, which is 50 fs for NaI from quantum molecular dynamics calculations. In view of such rapid self-trapping, the hole equation (2) is simply written in terms of the density of self-trapped holes (STHs), h n , diffusing with the hopping diffusion coefficient of self-trapped holes. However, the thermalization of electrons is a little bit complicated, the cooling of hot electrons in LaBr3:Ce is rather slow due to its low longitudinal optical phonon frequency ( ). A mean thermalization time of 1 ps is assumed due to the very similar to of NaI crystal and further confirmed by the picosecond absorption spectroscopy experiment to be less than 1 ps, under two-photon excitation of the host producing carriers near the band edges [21] .
According to the calculations of Wang et al. [25] hot electrons run outward to a radial peak to be (1) and (2) are the trapping from deep traps or defects of crystal. The sixth and seventh terms, 3 K , of Eqs. (1) and (2) are the third-order Auger recombination rates of free carriers. Since the hot diffusion term of free electrons will greatly reduce the ionization density, the Auger quenching process is trivial according to the parameters measured by laser Z scan [24] of similar materials.
Secondly, transfer stage accounts for the creation of luminescence centers. After thermalizetion, the excitations will diffuse with the thermalized diffusion rate, which is described by the Einstein Due to the significant differences of diffusion rates for hot electrons and selftrapped holes (STHs or Vk center), a different spatial distribution of electrons and holes will create electric filed. The migration of free thermalized electrons and holes will proceed due to the electrostatic forces. The direction of electron current reverses from outward to inward as thermalized conduction electrons are collected back toward the line charge STH where recombination can occur.
The third terms, e  and h  , of Eqs. (1) and (2) represent the electric field driven currents. The fourth terms, B, in Eqs. (1) and (2) are the bimolecular exciton formation rates characterized by rate constant B and proportional to the product of electron and hole densities at a given location and time.
The exciton formation rate, eh Bn n  , is a loss term for Eqs. (1) and (2) but it is the extra source term in Eq. (3) exciton density of STEs apart from the initial creation of STEs during conversion stage.
As illustrated in the introduction, the processes of sequential capture of free electrons or holes by dopant ions are absent, cause Ce 3+ is not a good trapper for both electrons and holes [21] . proposed by Bizarri and Dorenbos [22] , second-order dipole-dipole quenching process, 2 ( ) , between excited STEs is introduced, which plays an important role in the quenching so that lower light yield and difference of decay curves for high excitation densities. Dipole-dipole annihilation is a case of Förster transfer from one excited dipole to another excited dipole rather than to a groundstate dipole, resulting in annihilation of the first dipole and possibly ionization of the doubly-excited second one as well. The 2 nd order rate constant can be expressed for immobile species [11, 27] as:
where τR is the radiative lifetime of the excited state and Rdd is the Forster transfer radius depending on the overlap of emission and absorption bands [11, 27] . is added as well to explain the pulse shape difference and will be verified later in section IV. A.
The parameters used for LaBr3:5%Ce is shown as Table II .
III. EXPRIMENTAL DATA A. EXPERIMENTAL PROPORTIONALITY DATA
The intrinsic response of scintillator is usually not proportional to the incident particle energy, which is normally considered caused by the nonlinear quenching of high ionization density as electron slows along the track. The light-yield produced by internally generated electrons over a wide range of energies can be measured by the Compton-coincidence [28] [29] [30] [31] and K-dip [32, 33] methods. Fig .2(a) . shows the measured electron responses of LaBr3:5%Ce 3+ crystal using SLYNCI [41] and K-dip [33] methods at room temperature. 
Similarly, the quenching of alpha particles, which is also caused the nonlinear quenching in the high density part of ionization tracks, is discussed as well [34] . In LaBr3:Ce 3+ detector, the α/β ratio (or quenching factor) of alpha particle and the corresponding calculated local light yield are shown as Table. I. Let's assume an alpha particle with an initial energy of 7386.1 keV and decreases its energy to 6819.2 keV, the stopping power, from ASTAR databases [34] , of the particle changes little and can be considered as a constant and represented by their mean values 301 MeV*cm 2 /g.
The mean local light yield, dL/dE, for an alpha particle with dE/dx of 1514 MeV/cm (=301 MeV*cm 2 /g*5.03 g/cm 3 ) is 0.483.
(a) (b) Table. I α/β ratio measured in different materials using time-amplitude analysis to separate Po-215 and Rn-219 alpha peaks from α internal background [5] . and the calculated mean dL/dE for alpha particle with energy from 7386.1 keV to 6819.2 keV. The density [8] To conclude, the relation between local light yield and dE/dx for both electron and alpha particle are shown in Fig. 3 , which can be used to compare with our model directly with the change from dE/dx to excitation density with Eq. (7). 
B. EXPERIMENTAL TIME PROFILE AND ITS IONIZATION DENSITY DEPENDENCE
A cylindrical LaBr3:5%Ce 3+ crystal with the size of ∅10 × 5 mm was used. Since
LaBr3:Ce 3+ is hygroscopic, the sample was packaged in a metal can with quartz window to prevent long term exposure to moisture. The scintillation time profiles under excitation of both α particles from intrinsic 227 Ac contamination and γ rays from 22 Na source were measured using the delayed coincidence method [40] . Two R2083 PMTs were used as the start and stop detectors. Lecroy HDO6104 oscilloscope (2.5 Gsps, 12 bit) was used to digitize the pulse shape of start detector and single phonon signal of the stop detector, thus to extract the time difference between the start and stop signal. The high voltage (HV) supply of the start detector is 1800V due to the saturation of start detector, while the HV for the stop detector is 3000V to achieve better system resolution or the impulse response function (IRF). 
1) Selection of alpha events with A/E method
In our experiment, the start channel collected about one third of the total light output. The measured spectrum and the peak-over-charge (A/E) ratio with charge is shown as Fig. 4(a, b) . The pulse shape discrimination (PSD) feature A/E was used to choose alpha events from environmental gamma background, which is similar as the CCM PSD feature used in our previous work [3] . The averaged pulse shapes and their rising parts, with each 2000 events, of three coloured rectangle region are shown in Fig. 4(c, d) . We can find that the averaged pulse shape of alpha event is faster than the gamma ones both in the rising part and the decay part. 
2) Decay curve measurement with TCSPC method
The measured time profile of both α and γ particles with TCSPC method were shown as 
IV. MODEL RESULTS AND DISCUSSION OF KEY PARAMETERS

A. Model results of decay time profile 1）Fitting of 511-keV gamma rays and characterization of bulk reabsorption
Before comparing the model calculation with the experimental data, the photon transportation and bulk reabsorption need to be studied carefully. A Monto Carlo simulation of the photon transportation and reabsorption based on Geant4 was carried out. For the simulation, photons are generated uniformly within the scintillator and collected by the optical coupling shown in Fig. 6 (a) . The parameters of the energy distribution, scattering length and absorption length of generated photons are taken from the experiment carried out by Herman, et al. [41] . 1 million photons are generated and 85.3% of the photons were collected without absorption. The distribution of photons' arrival time is shown as Fig. 6 (b) , which is not negligible with the mean transportation time of 372 ps. response and only convolutes the time delay caused by the reabsorption. Multiple transportations caused by multiple reabsorptions are considered in our model as well, which is especially not negligible for large crystal. The probability of the reabsorption of the ith remitted photon was considered the same, which is (1-85.3%) in our case, and neglected the possible change caused by a small shift in the emission that reduces the overlap between the emission and absorption [43] .
The experimental data and model calculation, which convoluted the IRF of system and the transportation and reabsorption of the crystal, are compared in Fig. 7 . Superimposed is the original decay profile of 511-keV gamma-rays fitted by Seifert et al. [44] , on which the energy transfer rates from STE to Ce 3+ in our model were based. We tested our model results with the experimental data using 2 -statistic:
where N is the total number bins and Mn is the measured number of entries in the nth histogram bin. En is the expected number of counts in the nth bin based on our model. The calculated 2 between the experimental data and our model is 1.175 for gamma rays, which shows a good corresponding between our model and the experiment. It also suggests that the rate parameters describing the pulse shape of gamma-rays in our LaBr3:Ce 3+ crystal is similar as the ones used in Ref. [44] . 
2）Simplified model for alpha particles and fitting of its decay profile
The conservation and thermalization stage normally takes place in the first several picoseconds, during which the nonlinear quenching is already completed or pre-determined [45] . For halides, the competition between outrun of hot electrons, thus captured by defects, and form of STEs within the inner static-electric field strongly influence the quantity of carriers effective for further evolution [23] . For alpha particles, of which the LET is higher than 300 MeV cm 2 /g, the independent fraction of free electrons and holes is near zero and STEs are formed effectively under the force of strong electrostatic force [13, 46] . The model can be simplified as the one proposed by Bizarri and Dorenbos [22] , but with the dipole-dipole quenching processes added for high ionization, in which STEs are formed instantly:
For the simplified model of Eqs. (14)- (16), the radiative decay and thermal quenching of STEs can be neglect at room temperature. The energy transfer rate of STEs and decay rate of excited Ce 3+ ions have already been measured with gamma excitation [44] and discussed before. What still remain unknown are the two second order rate constants K2 for the quenching terms of STEs and excited Ce 3+ ions. Fortunately, the second order rate constants K2Ce* can be measured using CeBr3 crystal.
The excitation of CeBr3 can be considered as the directly excitation of Ce 3+ ions, due to the very fast 165-ps rise time t10-90% of its scintillation [47] . The kinetic equations for CeBr3 is then:
The generation term GCe* can be calculated using Eq. (7) with βEgap=16.7 eV calculated from the light yield 60000 Ph/MeV. The decay rate is the inverse of the decay time 17 ns [8] . Using the local light yield (dL/dx = 0.374) for alpha particles (dE/dx = 1559 MeV/cm) shown in Table. I for CeBr3, the calculated K2Ce* is 0.097 × 10
3 −1/2 . After the determination of K2Ce*, the second order rate constants K2E can be determined similarly using the local light yield for alpha particles in LaBr3:Ce by solving Eqs. (14)- (16) . The calculated K2E is 0.051 × 10
With the determination of all the parameters from the gamma-ray pulse shape and the quenching of alpha particles, the calculated time response of alpha particles, with mean stopping power 440 (MeV*cm 2 /g) along the track. The comparison between experimental data and model calculation after the considering of system IRF and reabsorption is shown as Fig. 8(a) , with the 2 = 1.027, which shows a good prediction of the scintillation time profile for alpha particles with high ionization density. The detailed rising part between measured time profiles and model results are shown as Fig. 8(b) , 
B. Model results and non-proportionality
As described in Ref. [48] , the host-dependent trends of light yield (LY ) and the shape of the electron energy response can be qualitatively classified by the high or low values of longitudinal
optical phonon frequency ωLO, hot-electron velocity and thermalized effective diffusion coefficient Deff. The previous two parameters play dominant roles in heavier halides. Low ωLO means longer thermalization time, ℎ , and thus larger independent fraction of free e-h pairs after thermalization, which is described with Ge,h in our model. The hot-electron velocity is described by the ( < ℎ ) ∝ √ , which determines the outward radial distribution peak, ℎ , of hot electrons during thermalization and thus less defect trapping. Calculations of Wangle et al. [25] shows the distribution peak for CsI or NaI is around 50 nm. LaBr3 is trivalent halide with smaller due to its dense and flat set of 4f conduction bands about 3.5 eV above the conduction band minimum (cbm).
Several sets of parameters Ge,h and ( < ℎ )/ ℎ are simulated to fit the nPR curve of LaBr3:Ce, with the independent fraction of free e-h pairs changes from 0.1-0.5 and the diffusion range changes from 10 nm to 50 nm. The simulated nPR curves are shown in Fig. 9 . We can find that the nPR curve tends to show more "hump" with the increase of diffusion range ℎ and independent fraction of free electrons. LaBr3:Ce 3+ crystal shows that the independent fraction of free e-h pairs is 18%. Second, the hotelectron velocity for LaBr3:Ce is smaller than CsI, a thermalization hot electron range of 25 nm is reasonable [48] . Whatever, we can't get more information so far with only the electron energy response data. The comparison between the measured local LY and normalized LY from our model are shown in Fig. 10 . The red dots of our model can fit the local light yield of both electron and alpha particles very well. Furthermore, the simulated absolute light yield 69.3 photons/keV for low excitation density of high energy gamma rays is around 90% of the ideal LY, which corresponds to the measured light yield 70 photons/keV. The ideal light yield 77 photons/keV for LaBr3:Ce was assumed as the best known value of LaBr3:Ce,Sr. The increase of light yield for co-doped LaBr3:Ce,Sr was attributed to the efficient shallow trapper of Sr defects and reduced the loss of free electrons and holes by diffusing outward and captured by defects [49] . 
C. The material input parameters
In this section, we detail the parameters used in our model, especially to calculate the proportionality for comparison to the experimental data as already shown in Fig. X . Most of the parameters are found directly in the literature or evaluated from similar materials.
The initial ionization radius of the track is normally considered as 3 nm, which has been evaluated by Z-scan and Monto Carlo simulations in NaI and CsI [23, 24, 38] . LaBr3 also belongs to heavier halide and the holes are self-trapped just like the case in NaI and CsI, so that the same parameter r0=3 nm was used for LaBr3. The value of βEgap was adopted from the best known light yield LaBr3:Ce,Sr, which is 77000 photons/MeV and should be the same for LaBr3:Ce with the same host excitation first. The co-doping of 100-ppm Sr enhances the shallow trap of free electrons from the capture of defects and thus increase the light yield.
The thermalization process greatly affects the light yield (LY ) and the shape of the electron energy response. The mean thermalization time ℎ ≈ 1 , due to its very similar with NaI crystal [24, 50] and further confirmed by the picosecond absorption spectroscopy experiment to be less than 1 ps, under two-photon excitation of the host producing carriers near the band edges [21] .
After thermalization, the distribution of free electron and holes was determined by 2 parameters ,ℎ and ℎ , which has been discussed in Sec. IV B. Finally, ,ℎ = 0.2, ℎ = 25 were chosen and compared with our researches [36] [48].
K1e is the trapping rate of deep defects. The capture of deep defects is the cause of afterglow, and thus a large 1 = 2.7 × 10 10 −1 was fitted in CsI crystal. However, the afterglow of LaBr3:Ce is very small, thus a very small number of 1 = 1 × 10 8 −1 was used just to kill the out-diffused free electrons and would not be driven back to form STE with STH for low ionization density. We also estimate the influence of K1e by changing its value from 1 × 10 7~1 × 10 10 −1 , the light yield of low excitation density changes less than 6%, while has little influence on high excitation density due to the competition process of recombination eh Bn n .
K3 is the third-order Auger recombination rates of free carriers. We found that K3 doesn't affect the nonlinear quenching, since the hot diffusion of free electrons greatly reduces the ionization density very fast. We evaluated the K3 from 0 to 6.6 × 10 −29 6 / and nothing changes.
The energy transfer process from STEs to Ce 3+ ions and the decay process of excited Ce 3+* can be measured precisely from the decay time profile of gamma rays with TCSPC method [44] .
Finally, the dipole-dipole quenching parameters of 2 * and 2 were calculated from α/β ratio of CeBr3 and LaBr3:5% respectively. ions dominants and lower the alpha/beta ratio. The trade-off between these two quenching processes can well explain the shape of alpha/beta ratio qualitatively.
B. Dopant quenching and pulse shape difference of LYSO For LYSO:Ce, the rising time constant is around 70ps, the pulse shape dependence of excitation density can only arise from the decay part. We measured the pulse shape of LYSO under excitation of 241 Am alpha and gamma source, shown in Fig. 11 . The faster pulse shape of alpha particles shows that the quenching between dopant ions can lead to the pulse shape difference, which should be the same as the one in LaBr3:Ce 3+ crystals. Fig. 11 . pulse shapes of a 5mm cube LYSO under excitation of 241 Am source, the blue line is the averaged pulse of 59.5-keV gamma rays, the red line is the averaged pulse of alpha particles.
VI. CONCLUSION
Scintillators with single decay component can also have the ability of pulse shape discrimination, such as LaBr3:Ce 3+ , LYSO. Taking LaBr3:Ce 3+ as an example, we established a dynamic model for the transportation of carriers to illustrate the scintillation mechanism of inorganic scintillators. The model can well describe the non-proportionality and the pulse shape difference of α/γ particles with different excitation densities in LaBr3:Ce 3+ . The mechanism of Pulse Shape Discrimination in LaBr3:Ce 3+ is then attributed the process of second-order dipole-dipole Forster transfer process of self-trapped excitons (STE) and Ce 3+* excited states. Detailed and quantitative study of CeBr3 on both non-proportionality and the pulse shape will be carried out in the near future.
